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METHOD AND APPARATUS FOR DETERMINING THE INFLUENCING OF 
THE STATE OF POLARIZATION BY AN OPTICAL SYSTEM; AND AN 

ANALYSER 

5 The following disclosure is based on German Patent Ap- 
plication No. 102 35 514.2 filed on July 29, 2002 and 
German Patent Application No. 103 04 822.7 filed on 
January 31, 2003, which are incorporated into this ap- 
plication by reference. 

10 

BACKGROUND OF THE INVENTION 
Field of the Invention 

15 [01] The invention relates to a method for determining 
the influencing, caused by an optical system, of the 
state of polarization of optical radiation to an aber- 
ration correction method and to an apparatus, suitable 
for carrying out such a method, and to a polarization 

20 analyser arrangement which can be used in the latter. 

Description of the Related Art 

[02] Various methods and apparatuses are known which 
25 can be used to determine how an optical system influ- 
ences the state of polarization of optical radiation. 
The term optical system is to be understood in this 
case as any arrangement of one or more optical compo- 
nents which transmit and/or reflect the incident opti- 
30 cal radiation, in particular including lenses and ob- 
jectives constructed therewith. The term optical radia- 
tion is to be understood here as any desired electro- 
magnetic radiation which is applied to the optical sys- 
tem under test, for example visible light or UV radia- 
35 tion. Particularly widely used are ellipsometry methods 
and ellipsometry apparatuses in diverse forms. In order 
to describe the state of polarization and how it is in- 
fluenced or changed by the optical system, use is made 
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of suitable variables such as the Stokes parameters, 
the Miiller matrix, the polarization matrix and the 
Jones matrix. Reference may be made to the relevant 
literature for details in this regard. 

5 

[03] A method and an apparatus of the type mentioned 
at the beginning are disclosed in Patent Specification 
US 5 298 972. In this method and in this apparatus the 
influencing of the state of polarization caused by an 

10 optical system is determined in an integral fashion, 
specifically by determining a single set of Stokes pa- 
rameters, assigned to the optical system under test, 
and determining the Jones matrix resulting therefrom. 
The radiation is directed via a single-mode fibre in 

15 each case onto the optical component and diverted by 
the latter, the result being to effect spatial beam 
filtering . 

[04] It is also known to utilize polarization effects 
20 to produce polarization images of objects. The Patent 
Specification US 5 396 329 indicates a corresponding 
image recording system which, in addition to an imaging 
optics, has an optical retarder, for example in the 
form of a compensator, and, downstream thereof, a lin- 
25 ear polarizer which are both arranged rotatively. Serv- 
ing as image detection unit is, for example, an imaging 
camera, a CCD detector or a row of individual detector 
elements. The computational evaluation is performed via 
the Stokes parameters and one Miiller matrix for each 
30 polarization- relevant component . 

[05] The Patent Specification US 5 166 752 discloses 
an ellipsometry system in which a parallel entrance 
bundle is focused onto an optical system under test 
35 such that the individual rays are incident at various 
angles, and the light cone reflected or transmitted by 
this optical system under test is refocused into a par- 
allel exit beam. Serving as detector unit is a row of 
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individual detector elements which are struck in each 
case by light rays which originate from a narrow range 
of angles of incidence on the optical system under 
test. The aim of this is to permit simultaneous detec- 
5 tion of the state of polarization of light rays inci- 
dent on the system under test at various angles of in- 
cidence without an attendant requirement for a scanning 
detection operation. This ellipsometry system is used, 
in particular, to test optical materials for properties 
10 which cause a change in state of polarization, specifi- 
cally the birefringence of an optical volumetric mate- 
rial in the case of transmission measurement. 

[06] As is known, it is possible for the purpose of 

15 determining the image quality of optics which image 
with high precision to make use of wavefront sensors 
with the aid of which deviations of the image- side 
wavefronts from the ideal imaging behaviour can be de- 
termined, very accurately. So-called shearing interfer- 

20 ometers, for example, are in use for this purpose. A 
wavefront detection device based thereon is disclosed 
in Laid-Open Specification DE 101 09 929 Al . This appa- 
ratus is also suitable, in particular, for determining 
the image quality of projection objectives of microli- 

25 thographic projection exposure machines, and includes 
means for providing a wavefront source, for example 
with an optical conductor and a perforated mask ar- 
ranged at the output thereof, in the object plane of 
the optical imaging system under test and a diffraction 

30 grating in the image plane conjugate to the object 
plane. Connected downstream of the diffraction grating 
is a spatially resolving radiation detector, for exam- 
ple in the form of a CCD chip, an interposed optics im- 
aging the interf erogram produced by the diffraction 

35 grating onto the sensor surface of the detector. This 
type of wavefront sensor technology can test the imag- 
ing system with the aid of the same radiation which is 
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used by the imaging system in its normal operation, and 
it can be integrated in one component with the imaging 
system. This type of wavefront sensor is therefore also 
denoted as an operational interferometer (01) . 

5 

[07] In the German Patent Application 102 17 242.0, 
which is not a prior publication, a measuring apparatus 
is described which can, in particular, be such an 01 
apparatus and serves the purpose of interf eromet ric 

10 measurement of an optical imaging system which is used 
for imaging a useful pattern, provided on a mask, into 
the image plane, the mask being arranged in the object 
plane for this purpose. It is proposed to implement the 
wavefront source from the interf erometric measurement 

15 by means of a measuring pattern formed on the mask in 
addition to the useful pattern. 

[08] A further method, used in practice, of wavefront 
detection by high-precision imaging systems is repre- 

20 sented by point diffraction interf eromet ry, the basic 
principles of which are described in the relevant spe- 
cialist literature - see, for example, D. Malacara, 
"Optical Shop Testing", Chapter 3.7, John Wiley, New 
York, 1991. Specific discussions are provided in Patent 

25 Specifications US 6 344 898 Bl and US 6 312 373, and in 
the Laid-Open Specifications UP 11-142291 and 
WO 02/42728. 

[09] In the case of modern high-precision imaging sys- 
30 terns of high numerical aperture, used as microlitho- 
graphic projection objectives, for example, the influ- 
ence of the imaging system on the state of polarization 
of the radiation used can scarcely be neglected any 
longer. Thus,- for example, polarization- induced effects 
35 on the image quality are produced by birefringence in 
the case of lenses made from calcium fluoride such as 
are frequently used for short wavelengths, and by po- 
larization effects at deflecting mirrors. There is 
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therefore a need to be able to determine the influenc- 
ing of the state of polarization of optical imaging 
systems of high aperture as well as possible in quanti- 
tative terms, in order to draw conclusions on the po- 
5 larization-dependent image quality. 

[10] The invention is based on the technical problem 
of providing a novel method and a novel apparatus of 
the type mentioned at the beginning, as well as a po- 

10 larization analyser arrangement which can be used in 
this case, with the aid of which the influencing, 
caused by an optical system under test, of the state of 
polarization of the radiation used and/or an aberration 
correction can be determined comparatively accurately 

15 such that they are also suitable, in particular, for 
determining the polarization- induced influence on the 
imaging quality very precisely in the case of optical 
imaging systems . 

20 SUMMARY OF THE INVENTION 

[11] The invention solves this problem by providing a 
method for determining the influencing of the state of 
polarization of optical radiation by an optical system 

25 under test, in which entrance-side radiation with a de- 
fined entrance state of polarization is directed onto 
the optical system, the exit state of polarization is 
measured by radiation emerging from the optical system, 
and the influencing of the state of polarization by the 

30 optical system is determined by means of evaluating the 
measured exit state of polarization with reference to 
the entrance state of polarization, wherein the influ- 
encing of the state of polarization caused by an opti- 
cal imaging system of prescribable aperture is deter- 

35 mined with pupil resolution. 

[12] In a further aspect the invention solves this 
problem by providing a method for image correction, 
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wherein the distortion of a pupil image by an optical 
imaging system of prescribable aperture is determined 
by means of optical computation or measurement acquisi- 
tion or a combination of the two, and corrected compu- 
5 tationally. This image correction can be used in the 
method for determining the influencing of the state of 
polarization of optical radiation by an optical system 
under test according to the present invention. 

[13] The invention is further directed to an apparatus 
for determining the influencing of the state of polari- 
zation of optical radiation by an optical system under 
test, having means for providing entrance-side' radia- 
tion, directed onto the optical system, with a defined 
entrance state of polarization, polarization detector 
means for measuring the exit state of polarization of 
radiation emerging from the optical system, and an 
evaluation unit for determining the influencing of the 
state of polarization by the optical system by means of 
evaluating the measured exit state of polarization with 
reference to the entrance state of polarization, 
wherein the polarization detector means are set up to 
measure the exit state of polarization with pupil reso- 
lution, and the evaluation unit is set up to determine 
the influencing of the state of polarization with pupil 
resolution . 

[14] As a yet further aspect the present invention 
provides for a polarization analyser arrangement com- 
30 prising a periodic structure, a beam-shaping unit, a 
compensator polarizer unit, and a polarization analyser 
element, in particular a polarization beam splitter 
element . 

35 [15] In addition the present invention provides for a 
polarization analyser arrangement comprising a beam- 
shaping unit, a compensator polarizer unit which com- 
prises a plurality of compensator elements which are 
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fixedly arranged with directions of polarization ro- 
tated relative to one another, arid a polarization ana- 
lyser element, in particular a polarization beam split- 
ter element . 

5 

[16] The polarization analyser arrangement of the pre- 
sent invention can be used as polarization detector or 
polarizer means in the apparatus for determining the 
influencing of the state of polarization of optical ra- 
10 diation by an optical system under test. 

[17] The method and the apparatus according to the 
present invention may be used for testing optical imag- 
ing systems of prescribable aperture whose influencing 

15 of the state of polarization is determined with pupil 
resolution. Here, the term "with pupil resolution" is 
to be understood as an angle-resolved determination of 
this influencing of the state of polarization over at 
least a portion of the pupil range , given by the aper- 

20 ture, of the optical imaging system. 

[18] The determination of the influencing of the state 
of polarization is therefore performed with pupil reso- 
lution for the individual coordinate points of the pu- 

25 pil range under consideration, and not as a purely in- 
tegral measurement without spatial resolution. This 
permits the optical imaging system to be tested with 
pupil resolution for possible optical aberrations which 
are caused by the influencing of the state of polariza- 

30 tion. An important field of application is testing of 
aberrations in the case of high-precision projection 
objectives of microlithography projection exposure ma- 
chines for wafer exposure in the fabrication of semi- 
conductor components, where very fine structures are to 

35 be transferred to a wafer from a mask, for example with 
the aid of UV radiation. 
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[19] In a development of the method a defined entrance 
state of polarization is provided in the object plane 
of the imaging system, and the exit state of polariza- 
tion is measured with pupil resolution within a pre- 
5 scribable pupil range of the imaging system. 

[2 0] A further development of the method provides as 
entrance-side radiation a . spatially incoherent point 
light radiation emanating from the object plane of the 

10 imaging system. Suitable for this purpose is an appara- 
tus which is further developed according to the inven- 
tion and comprises a perforated mask with one or more 
openings in the object plane of the imaging system and 
upstream first polarization means. The latter can in- 

15 elude, in a development of the apparatus according to 
the invention, a polarizer unit and/or a compensator 
unit in serial arrangement, which can be set to various 
spatial orientations. This can be implemented by using 
rotatable polarizers and/or compensators or using dif- 

20 ferent optical channels, which can be switched in, with 
preset polarizer/compensator units. In a further re- 
finement, the apparatus can include a diffusing screen 
in front of the first polarization means. 

25 [21] A further developed apparatus has as polarization 
detector means a CCD detector and upstream second po- 
larization means. The polarization detector means thus 
designed permit the simultaneous measurement, with pu- 
pil resolution, of the exit state of polarization for 

30 all spatial coordinates of the pupil range under con- 
sideration in a single measuring operation without the 
need for alternatively possible scanning of the pupil 
range by a detector measuring in a punctiform fashion. 

35 [22] The evaluation of the exit state of polarization 
within the inventive method may include a determination 
of the phase-reduced Jones matrix from an ellipsometric 
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measurement of the influencing of the state of polari- 
zation . 

[23] In a further embodiment of the inventive method 
5 the pupil -resolved, spatial characteristic of the exit- 
side wavefront phase is determined by means of shearing 
interf erometry or point -diffract ion interf erometry . In 
conjunction with a determination of the phase-reduced 
Jones matrix it is possible therefrom to determine the 

10 complete, pupil -resolved Jones matrix of the optical 
imaging system. In this case, the polarization detector 
means of the apparatus carrying out the method have a 
corresponding shearing or point-diffraction interfer- 
ometer unit in a corresponding development of the in- 

15 vention. 

[24] In a further embodiment of the inventive method 
the radiation obtained on the exit side by shearing in- 
terferometry or point -diffraction interf erometry is 
20 combined with a polarization analysis for pupil- 
resolved determination of modulus and phase of the ma- 
trix elements of the Jones matrix. 

[25] The image correction method of the invention al- 
25 lows to use a relatively simple, cost-effective detec- 
tion-side optics. The method is suitable in this case, 
both in conjunction with the inventive measures for de- 
termining the. influencing of the state of polarization 
by an optical system and, independently thereof, for 
30 any other applications in which a correction of pupil 
image distortion is desirable. In particular, the 
method can also come into use in measurement systems 
which acquire wavefronts such as the above-mentioned OI 
system, including in system variants taking no account 
35 of influences of polarization. 

[26] The evaluation unit of the apparatus carrying out 
the method is, in an embodiment of the invention, ap- 
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propriately designed for carrying out the method vari- 
ants with determination of the phase-reduced or com- 
plete, pupil -resolved Jones matrix. 

5 [27] The polarization analyser arrangement in accor- 
dance with the invention is suitable, in particular, 
for use as polarization detector means or polarization 
preparation means in the determination according to the 
invention of the influencing of the state of polariza- 

10 tion of optical radiation by an optical system under 
test. In advantageous refinements, the arrangement in- 
cludes a beam-shaping optics composed of one or more 
spherical and/or aspheric refractive lenses, one or 
more diffractive lenses, one or more spherical and/or 

15 aspheric mirror elements, or a combination of the said 
optical elements. In one embodiment, there is located 
in front of the beam-shaping optics a periodic struc- 
ture with the aid of which it is possible, for example, 
to implement the measurement acquisition of a pupil im- 

20 age distortion. 

[28] Depending on the requirements, it is possible to 
arrange the periodic structure such that it is coupled 
to a detector element, arranged after the polarization 
25 analyser element, such that it moves laterally there- 
with, or to hold the periodic structure and the detec- 
tor element such that they can move relative to one an- 
other laterally without such a coupling. 

30 BRIEF DESCRIPTION OF THE DRAWINGS 

[2 9] Advantageous embodiments of the invention are il- 
lustrated in the drawings and described in more detail 
below. In the drawings: 

35 

Figure 1 shows a diagrammatic side view of a micro- 
lithography projection exposure machine hav- 
ing an assigned apparatus for determining the 
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influencing of the state of polarization by a 
projection objective by means of ellip- 
sometric measurement , 


5 Figure 2 shows an illustration of a microl ithography 
projection exposure machine corresponding to 
Figure 1, but having an apparatus variant for 
determining the influencing of the state of 
polarization, which includes a shearing in- 
10 terferometer unit, 


15 


Figure 3 shows a diagrammatic illustration for ex- 
plaining two-beam interf erometry in the Jones 
matrix calculus, as it forms a basis of the 
mode of operation of the apparatus in accor- 
dance with Figure 2, 


Figure 4 shows an illustration of a microl ithography 
projection exposure machine corresponding to 
20 Figure 2, but for an apparatus variant having 

additional polarization analyser means on the 
exit side of the shearing interferometer 
unit , 


25 Figure 5 shows an illustration of a microlithography 
projection exposure machine corresponding to 
Figure 2, but for an apparatus variant which 
operates as a point -diffract ion interferome- 
ter having additional polarization analyser 

30 means, 


Figure 6 shows a diagrammatic side view of a polariza- 
tion analyser arrangement which can be used 
as polarization detector means, for example 
35 in apparatuses of the type of Figures 1, 2, 4 

and 5 , 
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Figure 7 shows a side view corresponding to Figure 6 
for a variant having an additional periodic 
structure for the purpose of measurement ac- 
quisition of the pupil distortion, 


Figure 8 shows a side view corresponding to Figure 7 
for a variant having two lenses, 


Figure 9 shows a side view corresponding to Figure 6 
10 for a variant which contains a mirror ele- 

ment , 


Figure 10 shows a side view corresponding to Figure 6 
for a variant having a plurality of individ- 
15 ual lambda/4 polarizer elements which are 

permanently arranged with directions of po- 
larization rotated relative to one another, 
and 


20 Figure 11 shows a diagram of the angle of incidence as 
a function of the pupil for a typical optics 
of a polarization analyser arrangement ac- 
cording to the type of Figures 6 to 10. 

25 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 


[30] Figure 1 shows a diagram of the design of a mi- 
crolithography projection exposure machine having an 
assigned apparatus for determining the influencing of 

30 the state of polarization by the imaging part of the 
system. The projection exposure machine includes in the 
usual way an illuminating system 1 as that part of the 
system which supplies the desired radiation, for exam- 
ple UV radiation in the wavelength region of about 

35 248 nm or 193 nm, and a downstream projection objective 
2 as imaging part of the system. The design, which is 
so far conventional, is expanded by components of an 
apparatus with the aid of which the influencing, caused 
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by the projection objective 2, of the state of polari- 
zation of the optical radiation used is supplemented by 
a so-called numerical aperture (NA) measurement tech- 
nology with the aid of an ellipsometer function. This 
5 apparatus is specifically suitable for determining the 
phase-reduced Jones matrix in a spatially resolved 
fashion over the pupil range of the projection objec- 
tive 2, in the case of which an optical imaging system 
with a comparatively high aperture is involved. 

10 

[31] The apparatus includes between the illuminating 
system 1 and projection objective 2 means for providing 
entrance-side radiation for the projection objective 2 
with a defined entrance state of polarization. These 

15 means include, one behind another in the beam path, a 
diffusing screen 3, a rotatable polarizer 4, a ro- 
tatable compensator 5 (optional) , a spot lens and a so- 
called pinhole or perforated mask 7 having one or more 
openings. Spatially incoherent radiation is provided to 

20 a sufficient extent by the diffusing screen 3, which is 
of a sufficiently strongly scattering design . The per- 
forated mask 7 is arranged in the focal plane of the 
spot lens 6, which is illuminated homogeneously to a 
very large extent and simultaneously forms the object 

25 plane of the projection objective 2. This yields a 
point light source, which is incoherent spatially as 
far as possible, in the object plane. Downstream of the 
projection objective 2 is a microscope objective 8 
whose focal plane coincides with the image plane of the 

30 projection objective 2 and has a numerical aperture 
which is at least as large as that of the projection 
objective 2 under test. The microscope objective 8 thus 
images an object point in the plane of the perforated 
mask 7 to infinity, that is to say into a real parallel 

35 beam path. A sharp image of the intensity distribution 
of the parallel beam is produced on a detector element 
10 by a suitable low-aperture relay optics 9, for exam- 
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ple a 4f optics, the said detector element being, for 
example, a CCD chip or imaging camera. 

[32] To this extent, the abovement ioned components 
5 form an NA measurement apparatus with the aid of which 
the transmission of the projection objective 2 can be 
determined in a spatially resolved fashion over the en- 
tire pupil range in conjunction with a known, pre- 
scribed angle -dependent emission of the spot lens/ per- 

10 f orated mask unit 6, 7, and with a known, prescribed 
angle -dependent transmission of the microscope/relay 
optics unit 8, 9. The emission distribution of the il- 
lumination can be determined, for example, in advance 
by angularly variable scanning by means of a measuring 

15 diode suspended goniometrically . The microscope unit 
can be calibrated by rear transillumination with the 
aid of a parallel beam of known intensity distribution 
and, again, by scanning the focal aperture cone with a 
goniometric measuring apparatus. The scanning method 

20 with a goniometric measuring apparatus is certainly 
also possible per se for the testing, presently of in- 
terest, of the projection objective 2, but the advan- 
tage of the mode of procedure described here is that an 
apparatus thus calibrated can be used to measure many 

25 field points of the projection objective 2 virtually 
simultaneously or in any case in a relatively short 
time . 

[33] By adding suitable optical polarization compo- 
30 nents, this NA measuring apparatus reacquires an ellip- 
someter function which permits the phase-reduced Jones 
matrix for the projection objective 2 to be determined 
in a pupil -resolved fashion. This purpose is served, 
firstly, by the rotatable polarizer 3 and the rotatable 
35 compensator 5 on the entrance or illuminating side of 
the projection objective 2 and, secondly, by an exit- 
side rotatable compensator 11 and, downstream thereof, 
an exit-side polarizer 12 between the relay optics 9 
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and the CCD detector 10. The calibration of the illumi- 
nating part 6, 7 and of the microscope unit 8 can be 
performed by goniometrically scanning the relevant ap- 
erture cone by means of a conventional ellipsometer 
5 unit. In this case, the associated parallel beam paths 
through the polarizer and compensator arrangement are 
prescribed as at least four linearly independently 
states of polarization . 

10 [34] Specifically, it is then possible to set consecu- 
tively on the illuminating side four different states 
of polarization which correspond to four linearly inde- 
pendent Stokes vectors, and on the output side the re- 
sulting Stokes vectors of the radiation transmitted by 

15 the projection objective 2 can be measured. In accor- 
dance with known relationships, the entrance-side and 
exit-side Stokes vectors yield the Miiller matrix from 
which, in turn, the phase-reduced Jones matrix can be 
derived, as is known from the relevant literature. 

20 

[35] This evaluation is performed by an evaluation 
unit 13, which is shown only diagrammatically in Fig- 
ure 1 coupled to the CCD detector 10 and is suitably 
designed for this purpose. The apparatus assigned to 

25 the projection exposure machine with illuminating sys- 
tem 1 and projection objective 2 therefore permits a 
simultaneous two-dimensional determination of the 
phase-reduced Jones matrix in a pupil -resolved fashion, 
that is to say the elements of the Jones matrix, and 

30 thus the polarizing property of the projection objec- 
tive 2, are determined in a spatially resolved fashion 
over the pupil range of the high-aperture projection 
objective 2 as a function of the pupil coordinate. 

35 [36] The influence of the projection objective 2 on 
the state of polarization of the exposure radiation di- 
rected onto a wafer can thereby be determined quickly 
and accurately. In the case of modern microlithographic 


Q76579 


- 16- 


projection objectives with a high numerical aperture, 
this influence is gaining in importance, for example 
because of birefringence effects in the calcium fluo- 
ride lenses used for short wavelengths, and because of 
5 polarization effects owing to deflecting mirrors. The 
spatially resolved knowledge of these influences of the 
projection objective on the state of polarization of 
the radiation can then be used suitably for the purpose 
of obtaining a desired imaging/exposure behaviour of 
10 the projection exposure machine. 

[3 7] Figure 2 shows a variant of the arrangement of 
Figure 1, the same reference symbols being selected, 
for the sake of simplicity, for functionally identical 

15 elements, and it being possible to this extent to refer 
to the above description of the example of Figure 1. In 
particular, the example of Figure 2 is concerned with a 
microlithography projection exposure machine having an 
illuminating system 1 and projection objective 2 whose 

20 polarizing property is under test with the aid of an 
assigned apparatus, the design between the illuminating 
system 1 and projection objective 2 corresponding to 
that of Figure 1 . 

25 [38] As mentioned, the apparatus of Figure 1 is used 
to determine the pupil -resolved Jones matrix in a 
phase-reduced fashion, that is to say up to a global 
phase term dependent on pupil location. The apparatus 
used in the exemplary embodiment of Figure 2 is capable 

30 of determining this global phase term by means of a 
shearing interf erometry measuring technique in conjunc- 
tion with a defined entrance state of polarization. Ac- 
cordingly, this apparatus includes on the exit side of 
the projection objective 2 under test a shearing inter- 

35 ferometer unit 14 to which the CCD detector 10 is con- 
nected. A suitably designed evaluation unit 13a is cou- 
pled to the latter. 
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[39] The shearing interferometer unit is of a conven- 
tional design per se, for example as is described in 
the above-mentioned DE 101 09 929 Al and in the prior 
German Patent Application 102 17 242.0, likewise men- 
5 tioned above, to which reference can be made for fur- 
ther details. The required control and evaluation proc- 
esses are implemented in the evaluation unit 13a, as is 
evident straight away to the person skilled in the art 
from the present description of the associated process 

10 steps. The basic two-beam interf erometry in the Jones 
matrix calculus is illustrated diagrammatical ly by way 
of example in Figure 3. This yields the exit-side ra- 
diation intensity for the superimposit ion of two fields 
which are represented by an original Jones matrix T and 

15 a Jones matrix T A displaced by Ax, from the trace for- 
mation of a matrix product of the sum matrix T+T A by 
the entrance polarization matrix Pi n/ and the hermite 
conjugate sum matrix (T+T A ) + . If the original and the 
displaced Jones matrix T and T A , respectively, are 

20 known up to a constant phase factor, their phase dif- 
ference Aa can be determined from the relationship 

exp [iAcc] =Q/trace [TP in T A + ] , 

25 with Q=trace [TP in T A + ] and T as well as T A denoting the 
phase-reduced original and displaced Jones matrix, re- 
spectively. The generally complex number Q can be ob- 
tained by measurement with the shearing interferometer 
unit 14 from the amplitude and phase of the modulation 

30 signal while using the phase shift technique. Since the 
use of shearing interf erometry currently being consid- 
ered permits the use of the same radiation which is 
used in the actual useful operation of the polarization 
objective 2, this measurement technology is also de- 

35 noted as operational interferometer (OI) measurement 
technology . 
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[40] The spatial characteristic of the phase a(x) over 
the pupil coordinate x can then be determined by an in- 
tegration. This permits the determination of the com- 
plete Jones matrix for the protection objective 2, when 
5 the phase-reduced Jones matrix is already known, for 
example from the ellipsometric NA measurement with the 
aid of the apparatus of Figure 1. The only precondition 
is that the state of polarization of the illumination, 
that is to say on the entrance side of the projection 

10 objective 2, is completely known in the case of the 01 
measurement of Figure 2, and in this case it can also 
be entirely unpolarized. In the example of Figure 2, 
the defined, completely polarized entrance-side state 
of radiation is effected by the use of the entrance- 

15 side polarizer 4 and the optional entrance-side compen- 
sator 5 . 

[41] Since the individual Jones matrix elements cannot 
be inferred from the complex number Q=trace (TP in T A + ) as 

20 such, the apparatus in accordance with Figure 2 is not 
capable alone of determining the phase-reduced Jones 
matrix. By contrast, this is rendered possible by the 
arrangement in accordance with Figure 4 which, by con- 
trast with that of Figure 2, is modified to the effect 

25 that a rotatable polarizer 15 is provided between the 
shearing interferometer unit 14 and the CCD detector 
10. For this purpose, the optional entrance-side com- 
pensator of the example of Figure 2 is dispensed with 
in the example of Figure 4. Otherwise, the two exem- 

30 plary embodiments are of corresponding design. 

[42] In the case of the apparatus of Figure 4, the in- 
dividual elements of the Jones matrix can be projected 
out by the entrance-side rotatable polarizer 4 and the 
35 exit -side rotatable polarizer 15. The value T xx T Ax x + thus 
results for the trace Q given entrance- and exit-side 
setting of a state linearly polarized in the x direc- 
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tion. Using the formulation T xx = a-exp[i<|>] for the ma- 
trix element T xx , this yields the relationship 

Q = a (a+Aa) exp [-iA<j>] 

5 

for the trace value Q, which can be determined by meas- 
urement with the shearing interferometer unit 14, and 
thus a differential expression for the modulus a (a+Aa) 
and the phase -iA<j), so that the Jones matrix element T xx 
10 can be determined by numerical integration over the pu- 
pil coordinate. The phase surface (j> is determined in 
this case only up to an integration constant which is 
the same for all pupil locations. 

15 [43] In the same way, the other matrix components T yx/ 
T xy and T yy/ and thus the entire phase-reduced Jones ma- 
trix, can be determined by setting an entrance or exit 
state which is linearly polarized in the y direction. 
The four Jones matrix elements are determined in 

20 modulus and phase as a function of the pupil coordi- 
nates, but the four associated phase surfaces have no 
defined relationship to one another, because their in- 
tegration constants are not known. This can be reme- 
died, for example, by carrying out for at least one 

25 point of the pupil range an ellipsometric measurement 
whose measurement result yields the missing relation- 
ship between the four phase surfaces . A measurement 
with the aid of a commercial, single-axis ellipsometer , 
for example along the optical axis of the projection 

30 objective 2, suffices for this purpose. 

[44] Instead of a shearing interferometer, it is also 
possible to make use of a point-diffraction interfero- 
meter equipped with appropriate polarization analyser 
35 means for the purpose of measuring the complete Jones 
matrix in a completely pupil -resolved fashion. Figure 5 
shows an advantageous embodiment of such an interfero- 
meter. In addition to the components used in Figure 4, 
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use is made in the point -diffract ion interferometer of 
a diffraction grating 16 which, by means of a diffrac- 
tion effect, splits the spherical wave produced by the 
pinhole mask 7 into various component waves which are 
5 indicated here by two beam paths 19 and 20. The two 
component waves traverse the projection objective 2 on 
similar trajectories and are subsequently converted 
into a test wave and a reference wave by focusing onto 
pinholes of different size of a corresponding pinhole 

10 mask 7a. Because of the coherence of the two component 
waves, an interf erogram of the entire objective aper- 
ture is produced which is imaged onto the CCD detector 
10 with the aid of a beam shaping apparatus 18. By 
analogy with the method using a shearing interferometer 

15 of Figure 4, this interf erogram can be combined with 
polarization analysis means, such as the polarizer 15 
shown, in order to obtain polarization-dependent wave- 
fronts and thus, by analogy with the method with a 
shearing interferometer, to obtain the Jones matrix of 

20 the projection objective. The method of phase shifting 
can also be applied in the case of the point- 
diffraction interferometer for the purpose of raising 
the accuracy of phase measurement, and this is indi- 
cated by an actuating unit 17. 

25 

[45] Figures 6 to 10 show various polarization ana- 
lyser arrangements which can be used as polarization 
detection part in the apparatuses of Figures 1, 2, 4 
and 5, but which can also be used there on the object 
30 side for the purpose of preparing a desired, defined 
state of polarization, in this case without a detector 
element, and moreover in any desired other apparatuses 
in which there is a need to measure the state of po- 
larization in a spatially or pupil-resolved fashion. 

35 

[46] Specifically, the analyser arrangement shown in 
Figure 6 comprises in the direction of light incidence 
from top to bottom one after another a beam-shaping 


Q76579 


-21 - 


lens unit in the form of a convex lens 23, a polarizer 
unit or a compensator in the form of a lambda/4 -plate 
24, a polarizer 25, for example in the form of a po- 
larization beam splitter element such as a polarization 
5 splitter cube, and a flat detector element 26 which 
can, in particular be a CCD image sensor of an imaging 
camera. The optical axis 27 of the system and the 
course of an obliquely incident light beam 28 are also 
illustrated . 

10 

[47] In conjunction with a polarizer element arranged 
on the object side, for example in the object plane or 
reticle plane of a lithography objective to be tested, 
the analyser arrangement of Figure 6, designed in such 
15 a way, permits the optical system which is to be tested 
to be measured ellipsometrically in a spatially or pu- 
pil-resolved fashion by rotation of the lambda/4 -plate 
24, and thus permits the influencing of the state of 
polarization of the said system to be determined. 

20 

[4 8] Figure 7 shows a variant of the analyser arrange- 
ment of Figure 6, functionally equivalent elements be- 
ing provided with the same reference numerals for the 
sake of clarity. By contrast with the arrangement of 

25 Figure 6, an additional substrate 22 with a periodic 
structure 21 ' is provided on the entrance side in the 
case of the analyser arrangement of Figure 7. This pe- 
riodic structure 21 can be, in particular, a shearing 
diffraction grating for shearing interf erometry meas- 

30 urement . As illustrated in Figure 7, the structure 21 
can be present as an independent substrate detached 
from a beam-shaping lens unit 23, or the lens unit can, 
if designed as a plano-convex lens, be wrung or other- 
wise fastened with the plane side upwards on the sub- 

35 strate 22 of the structure 21. As a further alterna- 
tive, the structure 21 can be applied directly to the 
upper plane side of such a plano-convex lens. Whereas 
the arrangement with a plano-convex lens wrung or fas- 
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tened on the substrate is particularly suitable for 
measuring apparatuses in the case of which a common 
lateral movement of the structure 21 with the detector 
element 26 is provided during operation, the movement- 
5 related decoupling of the substrate 22 with the struc- 
ture 21 applied thereon, and the lens unit 23 is advan- 
tageous for systems in which the structure 21 and the 
detector element 26 are moved laterally relatively to 
one another, e.g. only the structure 21 or only the de- 
10 tector element 26. 

[49] The basic concept of the analyser arrangement ac- 
cording to the invention consists in managing with a 
relatively simple detection optics which deflects the 

15 beams so far that they strike the polarization splitter 
element 25 in such a way that they are sufficiently po- 
larized by it, it being accepted that a distorted pupil 
image of the objective to be tested occurs in the de- 
tection plane 26, something which is compensated by 

20 suitable correction measures. An expedient correction 
measure, in particular for high-aperture optical sys- 
tems under test, such as high-aperture lithography ob- 
jectives, consists in a mult icomponent design of the 
detection lens unit. By way of example in this regard, 

25 Figure 8 shows as a further variant an analyser ar- 
rangement in which the beam- shaping unit comprises two 
consecutive, in particular aspheric lenses 23a, 23b. 
This permits a reduction of the distortion errors and 
the avoidance of angles of incidence associated with 

30 total reflection. In any case, an ant iref lection coat- 
ing of the lens element or elements is expedient in ad- 
dition with high-aperture systems because of the high 
angles of incidence occurring. 

35 [50] Figure 9 shows a further variant of the analyser 
arrangement of Figure 6, one or more refractive optical 
elements being replaced by a mirror element 2 9 which 
follows a convex lens 23c and effects a deflection of 
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the optical axis 27 of the system, for example by 90° 
as shown. It is also possible here to apply a plurality 
of mirror elements, and the mirror surfaces can be 
plane, spherical or aspheric . Advantages of such an ar- 
5 rangement can be, for example, the reduction in overall 
height, as well as low chromatic aberrations of the ar- 
rangement . 

[51] Whereas in the analyser arrangement of Figures 6 

10 to 9, the lambda/4 -plate 24 is rotated in operation for 
the purpose of measuring the ellipsometry angle, Fig- 
ure 10 shows a further analyser variant in the case of 
which a plurality of individual lambda/4 polarizer ele- 
ments 24a, 24b, 24c, such as individual lambda/4 plate- 

15 lets, with directions of polarization which are rotated 
in a prescribed relationship to one another as compen- 
sator elements, such that no rotation of the same is 
required during operation. This results in a polariza- 
tion analyser arrangement which has no actively moving 

20 parts. It may be mentioned at this point that an ob- 
ject-side polarizer unit can be constructed in the same 
way for the ellipsometric measurement of individual, 
permanently arranged lambda/4 platelets with rotated 
directions of polarization. The individual lambda/4 

25 platelets 24a, 24b, 24c are fitted on one polarization 
splitter cube 25a, 25b, 25c each in the example of Fig- 
ure 10. Alternatively a plurality of, or preferably all 
of, the lambda/4 -platelets can be fixed together on a 
polarization splitter cube. For the individual channels 

30 thus formed, the lens unit is designed in a fashion to 
match this from a field of individual lenses 23d, 23e, 
23 f which are fixed on the underside of the substrate 
in the example of Figure 10. 

35 [52] As to the type of the lenses used in the detec- 
tion lens unit, as already mentioned in part, depending 
on requirement, consideration is given, in particular, 
to one or more simple spherical lenses, one or more as- 
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pheric lenses or a diffractive lens. Lens units with a 
spherical individual lens can be well suited to systems 
which are to be tested and have relatively small aper- 
ture angles. Advantageous for higher numerical aper- 
5 tures are multilens systems, aspheric lenses or dif- 
fractive lenses, in order to avoid exceeding the angle 
of total reflection, and to keep the angles of inci- 
dence on the polarization splitter element 25 suffi- 
ciently small, since this fulfils its polarization beam 
10 splitting function to the required extent only for a 
relatively narrow range of angles of incidence. Moreo- 
ver, the pupil resolution generally decreases strongly 
towards the edge. 

15 [53] Figure 11 illustrates for this purpose in a char- 
acteristic diagram a typical characteristic of the an- 
gle of incidence (i angle) as a function of the pupil. 
The pupil distortion error already mentioned above can 
be reduced by using one or more aspheric lenses or a 

20 diffractive lens instead of a spherical lens. A dif- 
fractive lens can be implemented, for example, by form- 
ing a corresponding diffractive structure on the under- 
side of the substrate 22 bearing the periodic structure 
21 on its top side. The grating period of this diffrac- 

25 tive structure is adapted locally such that the beam is 
deflected in accordance with its aperture angle. In or- 
der to avoid interactions between various channels, the 
spacing of the polarization splitter element or ele- 
ments is/are selected such that the undesired diffrac- 

30 tion orders do not lie in the acquisition range of the 
polarization splitter element or elements. To give a 
numerical example, typical grating periods of the order 
of magnitude of 230 nm are yielded for a numerical ap- 
erture of 0.85 and an optical wavelength of 193 nm. 

35 

[54] In addition to and independently of the above- 
named lens -side measures, which serve the purpose of 
keeping the angles of incidence and the distortion er- 
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rors as low as possible, the distorted pupil image, 
produced on the detector plane 26, of the optical sys- 
tem under test is suitably compensated or corrected in 
the evaluation section connected to the detector ele- 
5 ment 26. This distortion correction can be performed by 
means of optical computing methods, for example ray 
tracing, or by measurement determination of the distor- 
tion of the pupil image at the optical system designed. 
The following measuring methods can be used, inter 

10 alia: imaging of reference patterns in the pupil of the 
projection objective on the detector element 26, moire 
technique, phase difference measurement or comparison 
of interference fringes with computational desired po- 
sitions on the detector element 26 in conjunction with 

15 a fixed or variable focal position of the polarization 
analyser arrangement . These methods are techniques 
known per se which therefore do not require explanation 
in more detail here. These techniques can be used to 
obtain the information which is required for correcting 

20 the distortion of the pupil image in the detector 
plane, such as the corresponding pupil image interfero- 
grams . 

[55] The implementation of the above-named measurement 
25 methods is served by the use of the periodic structure 
21. The combination of optical computation and measure- 
ment acquisition with the aim of correcting the pupil 
image is possible. 

30 [56] With the aid of this correction measure on the 
evaluation side, it is not mandatory to make use on the 
detection side of a microscope objective which ensures 
a shear distance which is constant over the entire de- 
tection field of the detector element 26. Instead of 

35 this, it is possible to use a simple detection optics 
in which the sine condition is not fulfilled. The ef- 
fect of such non-optimal imaging by the detection-side 
optics is determined by optical computing methods, for 


Q76579 


-26- 


example ray tracing, or by phase difference measure- 
ment, and taken into account correctively in evaluating 
the pupil image interf erogram. A similar statement 
holds for the distortion errors which are caused by a 
5 non-optimal adjustment of the optics. The same holds 
for pure wavefront measurements without any arrangement 
of polarization analysers in which no beam-shaping op- 
tical systems at all are used for pupil imaging. 

10 [57] As the exemplary embodiments explained above make 
clear, the invention permits a very accurate and quick 
determination of the influencing of the state of po- 
larization of radiation with acceptable outlay by an 
imaging system with the aid of NA measurement technol- 

15 ogy in combination with ellipsometry and/or by using a 
shearing interferometer technique with or without an 
exit-side polarization analyser. In this case, the in- 
vention performs, in particular, a pupil -resolved de- 
termination of the influencing of the state of polari- 

20 zation as a function of the pupil coordinate even for 
high-aperture imaging systems such as modern projection 
objectives of microlithography projection exposure ma- 
chines. It goes without saying that, in addition to 
such projection objectives, the invention can also be 

25 applied for any other desired optical imaging systems 
whose influence on the state of polarization is to be 
detected in a spatially resolved fashion. 

[58] The above description of the preferred embodi- 
30 ments has been given by way of example. From the dis- 
closure given, those skilled in the art will not only 
understand the present invention and its attendant ad- 
vantages, but will also find apparent various changes 
and modifications to the structures and methods dis- 
35 closed. It is sought, therefore, to cover all changes 
and modifications as fall with the spirit and scope of 
the invention, as defined by the appended claims, and 
equivalents thereof . 


